INTRODUCTION
Complement consists of an interacting set of enzymes (e.g. proteases), which, upon activation, gives rise to a cascade of reactions that result finally in the destruction of invading micro-organisms and infected cells. The complement system can be activated in three ways, represented schematically in Fig. 1 .
The classical activation pathway of complement involves binding of complement protein C1q either to antibodyantigen complexes or, occasionally, directly to the surface of certain pathogens. Direct C1q binding to viral surfaces has been demonstrated for retroviruses such as human immunodeficiency virus (HIV -via gp41) and human T-cell leukaemia virus (HTLV) as well as for human cytomegalovirus (HCMV)-infected cells (Cooper et al., 1974; Ebenbichler et al., 1991; Ikeda et al., 1998; Spiller & Morgan, 1998) . C1q belongs to the family of collectins, proteins containing both lectin domains and collagen-like domains. It has six globular heads linked together by the collagen-like tails and forms, together with C1r and C1s, the C1 complex (Fig. 1A) . Binding of more than one of the C1q heads to an antibody-antigen complex or the surface of a virion or infected cell causes a conformational change in the C1 complex, activating C1r. The active form of C1r cleaves C1s to generate an active serine protease, which, in turn, cleaves C4 as a first step in the complement cascade (Fig. 1A) .
The second pathway of complement activation, the mannan-binding lectin (MBL) pathway, shows strong similarities to the classical pathway. MBL is a protein very similar to C1q. Like C1q, MBL is a six-headed collectin that interacts with two MBL-associated serine proteases (MASP-1 and -2, closely related to C1s and C1r) to form the MBL complex (Fig. 1B) . MBL binds to several monosaccharides, especially mannose, and the quaternary structure of the MBL complex allows for high avidity binding to repetitive carbohydrate ligands present on many pathogen surfaces. On vertebrate cells, however, these carbohydrates are covered by other sugar groups, especially sialic acids, that inhibit binding of MBL. MBL binding leads to a conformational change in the complex, which activates the associated proteases and results in C4 cleavage. MBL binding to the virion surface has been shown for HIV (gp120) (Haurum et al., 1993) and the MBL complement activation pathway is thought to be implicated in controlling several virus infections, including hepatitis B virus, hepatitis C virus and influenza virus infections (Reading et al., 1997; Sasaki et al., 2000; Hakozaki et al., 2002) .
Activation of the third activation pathway, the alternative pathway, is a default process, consisting of a spontaneous and indiscriminate deposition of complement factor C3b on surfaces of host cells or foreign particles (Fig. 1C) . C3b is produced at a significant rate in plasma by spontaneous hydrolysis of the abundantly present C3. After deposition of C3b, complement activation will proceed unless downregulated by specific mechanisms (see below).
Activation of the classical, MBL or alternative pathway results in cleavage and activation of C3, followed by cleavage of C5, which initiates activation of the terminal pathway comprising the formation of membrane attack complexes (MACs) (Fig. 1D ). These MACs can be imagined as ring-shaped structures with a central pore; these structures are incorporated into the lipid bilayer of cells and result in osmotic disruption of the cell (Janeway et al., 2001) . Complement-mediated control of virus infections is not restricted to MAC-mediated destruction of infected cells or enveloped virions. Activation of any one of the three complement pathways results in the production of several anaphylatoxins (C3a, C4a and C5a). The effects of these molecules lead to the recruitment of antibody, complement and leukocytes to the site of infection. Also, opsonization of virions and infected cells by the deposition of C3b may lead to phagocytic uptake by leukocytes. Furthermore, interaction of complement components with virion surfaces on itself has been reported to be neutralizing for certain viruses (Ikeda et al., 1998; Kase et al., 1999) .
Complement activation is a potentially dangerous system and is therefore very carefully regulated. Normal mammalian cells are protected from complement-mediated destruction by the activities of complement-regulating proteins. An overview of the complement regulators together with their functions is given in Table 1 and Fig. 2 . These proteins have been considered generally to be species restrictive, although there is increasing evidence that at least some complement regulators, such as DAF (decay-accelerating factor) and CD59, can act in heterologous systems (Van den Berg & Morgan, 1994; Rushmere et al., 1997; Harris et al., 2000; Perez de la Lastra et al., 2000) . Several, but not all, of the complement regulators make part of the so-called 'regulators of complement activation' (RCA). True RCA proteins are encoded by genes located in the RCA gene cluster and are composed largely of tandem arrays of a short consensus repeat (SCR). These SCRs contain approximately 60-70 amino acids and are characterized by a motif with four conserved disulphide-bonded cysteines (Pangburn, 1986) .
Factor H is the most important RCA to control activation of the alternative complement pathway. The character of the surface on which the spontaneously cleaved complement protein C3b is deposited determines whether C3b will be activated further or will be neutralized by binding to factor H. Interaction of factor H with sialic acids or neutral or anionic polysaccharides on the cell surface will enhance its binding to C3b, thereby inhibiting further activation of the alternative pathway by accelerating the decay of C3b (Meri & Pangburn, 1990) . The surfaces of many bacterial cells, certain tumour cells and certain virus-infected cells do not promote binding of factor H to C3b. C3b is then capable of binding to factor B, resulting in activation of the alternative pathway.
VIRUS EVASION STRATEGIES
Viruses have developed different strategies to evade complement-mediated destruction, summarized in Table 2 and Fig. 3 . First, viruses belonging to the families Herpesviridae and Coronaviridae interfere with the classical complement activation pathway by avoiding complement binding to antibody-antigen complexes, either by removing (shedding or internalization) these antibody-antigen complexes from the cell surface of the infected cell or by the expression of Fc receptors. Second, some poxviruses and herpesviruses encode and express proteins with functional similarities to RCA proteins and other complement regulators and can thereby protect their lipid envelopes and the membranes of the cells they have infected. Some of these virus complement-interfering proteins show genetic similarities to the known complement regulators, while other complement-interfering proteins do not. Third, viruses belonging to the families Poxviridae, Herpesviridae, Retroviridae and Togaviridae can incorporate host complement bridging', consisting of simultaneous binding of the hypervariable regions of an antibody to viral proteins in the viral envelope or on the surface of infected cells, and of the Fc side of the same antibody to viral Fc receptors (Frank & Friedman, 1989) , resulting in inefficient activation of antibody-dependent components of the immune system, including classical complement activation.
Another mechanism of interference with binding of complement to antibody-antigen complexes consists of virusmediated clearance of these complexes from the surface of virus-infected cells, as has been shown for the alphaherpesvirus pseudorabies virus (PRV) (Favoreel et al., 1997 (Favoreel et al., , 1999b .
Herpesviridae
Alphaherpesvirinae. The presence of an Fc receptor for IgG on the plasma membrane of herpes simplex virus (HSV)-infected cells and in virion preparations isolated from HSV-infected cells has been described several years ago (Watkins, 1964; Westmoreland & Watkins, 1974) . Further characterization of this receptor revealed that the viral glycoprotein gE was responsible for IgG binding (Para et al., 1982) . Moreover, it was shown that the IgG-binding domain of gE is located between amino acids 235 and 380 and that this immunoglobulin-like domain shares amino acid similarity to mammalian Fc receptors (Dubin et al., 1994) . However, gE of HSV-1, transfected and expressed in mouse cells, was found not to bind radiolabelled IgG (Johnson & Feenstra, 1987) . Therefore, it was suggested that gE by itself could not act as an IgG Fc receptor. Another glycoprotein was detected, originally designated g70 and later renamed gI, which was able to bind IgG in conjunction with gE (Johnson & Feenstra, 1987; Johnson et al., 1988) .
The HSV Fc receptor allows the virus to avoid complementmediated lysis via two mechanisms. First, Adler et al. (1978) demonstrated that polymeric non-immune IgG protected HSV-1-infected cells from complement-mediated lysis and lysis by sensitized lymphocytes. Dowler & Veltri (1984) showed that monomeric non-immune IgG or purified Fc fragments could protect HSV virions from antibody neutralization. This mechanism of protection consists presumably of a sterically hindered access of immune IgG or Fc-dependent effector cells to the virus or virus-infected cells by bound non-immune IgG. Other investigators have performed research on a second mechanism of complement evasion due to the Fc receptor activity, first described by Frank & Friedman (1989) and called antibody bipolar bridging in analogy to a physiological process described for several Fc receptor bearing leukocytes (Benichou & Voisin, 1987) . Antibody bipolar bridging by HSV consists of binding of immune IgG with its hypervariable region end to a viral envelope or cell surface protein and with its Fc end to the HSV Fc receptor gE-gI. This phenomenon has been shown to protect virus from complement-and antibody-dependent neutralization (Frank & Friedman, 1989) .
Using mutants of HSV deleted in gE and/or gI, Dubin et al. (1990) demonstrated that gE alone is sufficient for the binding of polymeric IgG as a low-affinity Fc receptor and that the gE-gI complex is required to obtain a higher-affinity Fc receptor that is able to bind monomeric IgG. These observations suggest that gE has intrinsic IgG Fc-binding activity, which is intensified by its interaction with gI. This implies that the low affinity receptor gE alone may be sufficient to protect cells from complement-mediated lysis and antibody-dependent cellular cytotoxicity by bipolar binding of immune IgG, whereas the high affinity receptor gE-gI may offer protection by binding of non-immune IgG, resulting in sterically hindered access of immune IgG or effector cells (Dubin et al., 1991) .
More recently, the gE-gI Fc receptor activity of HSV has been demonstrated to mediate immune evasion of the virus in vivo (Nagashunmugam et al., 1998) . To this end, an HSV mutant was constructed in which four amino acids were inserted into the immunoglobulin-like domain of gE, abolishing gE Fc receptor function without affecting other gE functions. Comparing this mutant in mice to wild-type HSV revealed that the Fc receptor activity of gE enables HSV to evade antibody and complement attack in vivo (Nagashunmugam et al., 1998; Lubinski et al., 2002) .
For varicella-zoster virus (VZV), it has been demonstrated by haemadsorption and immunofluorescence techniques that, starting at 6 h post-infection, cells express a receptor with specificity for the Fc portion of human and rabbit IgG (Ogata & Shigeta, 1979) . Ishak et al. (1984) , however, failed to detect the expression of such a receptor using similar techniques. Litwin et al. (1990) used biotinylated nonimmune human IgG to clarify this issue and like Ogata & Shigeta (1979) , they could demonstrate Fc receptor activity and moreover, showed that this activity was not due to one of the known cellular Fc gamma receptors. Further research revealed that the two viral glycoproteins gpI and gpIV, the equivalents of HSV gE and gI, form the VZV Fc receptor . In contrast to HSV gE and gI, the amino acid sequences of gpI and gpIV did not show regions of amino acid similarity with the human cellular Fc receptors, as determined by extensive computer-assisted analysis .
The third member of the Alphaherpesvirinae subfamily known to display Fc receptor activity is PRV, a swine alphaherpesvirus, again with the gE-gI complex being responsible for the IgG-binding effect (Favoreel et al., 1997 PRV has also developed a second strategy to interfere with complement binding to antibody-antigen complexes, consisting of virus-mediated clearance of these complexes from the surface of infected cells. This clearance was described first for PRV-infected swine kidney cells and consisted of clustering, polarization and shedding of the antibodyantigen complexes from the cell surface (Favoreel et al., 1997) . Viral glycoprotein gE was found to have a dual role during this process. First, the gE-mediated Fc receptor function was found to be necessary for efficient clustering of antibody-antigen complexes (Favoreel et al., 1997) . Second, two tyrosine amino acid residues in the cytoplasmic tail of gE were found to be crucial for efficient polarization of the clustered antibody-antigen complexes, possibly by mediating a signal transduction event (Favoreel et al., 1999a) . Clearance of antibody-antigen complexes from the cell surface could also be demonstrated in PRV-infected monocytes (Favoreel et al., 1999b) , the natural carrier cell of PRV in the blood of vaccinated animals (Nauwynck & Pensaert, 1992) . Here, clearance consisted of clustering and subsequent internalization of the antibody-antigen complexes. Using PRV mutants, viral glycoproteins gB and gD were shown to be indispensable for efficient internalization (Favoreel et al., 1999b; Van de Walle et al., 2001) . Recently, it was demonstrated that a single tyrosine residue in the cytoplasmic tail of gB is crucial for efficient functioning of gB in the internalization process, possibly by linking gB to endocytosis adaptor protein complexes (AP-2) as a first step in the formation of clathrin-coated vesicles (Favoreel et al., 2002) . Although the internalization process in PRV-infected monocytes is fast and efficient, starting within minutes after antibody addition, it remains to be determined whether this time span is short enough not to allow the complement cascade to lyse the infected cells. Nevertheless, allowing the antibody-induced internalization of antibody-antigen complexes to proceed in PRV-infected monocytes has been shown recently to protect these cells from efficient antibodydependent complement-mediated lysis in vitro (G. R. Betaherpesvirinae. Back in 1976, evidence was obtained for the existence of a receptor on HCMV-infected cells that could react specifically with the Fc region of human IgG (Rahman et al., 1976) . Further research showed that the HCMV-induced Fc receptor had affinity for all subclasses of human IgG and that the reaction site was located in the CH2 domain of the Fc fragment on human IgG (Mackowiak & Marling-Cason, 1987) . The fact that this receptor was not only located on the cell surface and in the cytoplasm of HCMV-infected cells but also on the HCMV virion itself was demonstrated by Stannard & Hardie (1991) . Further research using murine monoclonal antibodies directed against the known human IgG Fc receptors revealed that the HCMV-induced Fc receptor was distinct from cellular Fc receptors (MacCormac & Grundy, 1996) . Recent studies have shown that the HCMV genome in fact encodes two Fc gamma receptors, one with a molecular mass of 63-68 kDa, encoded by a spliced UL119/UL118 mRNA, and the other with a molecular mass of 34 kDa, encoded by TRL11/IRL11 (Lilley et al., 2001; Atalay et al., 2002) . Comparison of the sequences with different cellular Fc receptors suggests that both viral Fc receptors have different ancestors and functions (Atalay et al., 2002) .
For murine cytomegalovirus (MCMV), the fcr-1 early gene has been shown to encode an 88 kDa Fc receptor (Thäle et al., 1994) . Mutants deleted in fcr-1 were constructed to investigate the biological role of the MCMV-induced Fc receptor (Crnkovic-Mertens et al., 1998) . These mutants displayed comparable in vitro growth kinetics as those of wild-type MCMV but a reduced growth in various organs. However, a similar reduced replication of the fcr-1-deletion mutant was observed when inoculating antibody-deficient mice, indicating that the reduced replication was not due to an increase in antibody-mediated clearance of the virus (Crnkovic-Mertens et al., 1998).
Coronaviridae
The spike peplomer protein of three important members of the family Coronaviridae, mouse hepatitis virus (MHV), bovine coronavirus (BCV) and transmissible gastroenteritis virus (TGEV), has been shown to display Fc receptor activity towards IgG of its natural host (Oleszak et al., 1993) . MHV, BCV and human coronavirus (HCV) on the one hand and TGEV on the other hand belong to two distinct antigenic subgroups of the Coronaviridae. A third antigenic subgroup contains the infectious bronchitis virus (IBV) as an important member. For HCV and IBV, however, Fc receptor activity of the spike protein could not be demonstrated (Oleszak, 1994; Oleszak et al., 1995) .
Virus mimicry of complement regulators
Some viruses can protect their viral lipid envelopes and the membranes of the cells they infect from complement lysis by encoding proteins with functional similarities to complement control proteins, inhibitors of the complement cascade system. A number of distinct proteins from several viruses have been identified to have complement regulatory activity, some of them bearing structural or genetic similarities to the known complement control proteins, others showing no relationship with the cellular complement regulators.
(a) Virus complement-interfering proteins with genetic similarities to cellular complement regulators
Poxviridae
Vaccinia virus is the prototype of the family Poxviridae and it is known that vaccinia virus encodes for, and vaccinia virus-infected cells secrete, an abundant soluble protein called 'vaccinia virus complement control protein' (VCP), with an inhibitory activity for both classical and alternative activation of complement (Kotwal et al., 1990) . This protein contains four SCRs, similar to the first four repeats of the RCA C4-binding protein, and was shown to bind C4b and C3b and to act as a co-factor of complement-regulating factor I (McKenzie et al., 1992) . This protein has been demonstrated to be an important virulence factor, since a VCP-null mutant produced much smaller skin lesions compared to wild-type virus when inoculated in rabbits (Isaacs et al., 1992) . Besides VCP, vaccinia virus also encodes another protein with amino acid similarity to RCA, the membrane-bound glycoprotein B5R (Engelstad et al., 1992; Takahashi-Nishimaki et al., 1991) .
Other poxviruses, including variola virus and cowpox virus, also encode for complement control proteins that are structurally and functionally related to RCAs. Variola virus is a virulent member of the Poxviridae and infects only humans. Very recently, the complement control protein of this virus has been characterized and designated 'small pox inhibitor of complement enzymes' (SPICE) (Rosengard et al., 2002) . It was demonstrated that SPICE also possesses factor I co-factor activity, as described for vaccinia virus VCP, but is nearly 100-fold more potent than VCP at inactivating human C3b and 6-fold more potent at inactivating C4b (Rosengard et al., 2002) .
For cowpox virus, the orthologue of the vaccinia virus VCP was designated 'inflammation modulatory protein' (IMP) (Howard et al., 1998; Kotwal et al., 1998) . The main function of this IMP seems to be limiting macrophage infiltration upon infection by downregulating the production of complement proteins with chemotactic activity (C3a, C4a and C5a). In vivo studies in mice showed that an IMP-null virus caused severe tissue damage compared to the parental strain, indicating that IMP is able to preserve the tissue at the site of infection, thereby preserving the virus habitat (Howard et al., 1998; Kotwal et al., 1998) .
Recently, potential regulators of the complement system have been identified for other poxviruses, such as myxoma virus (M144R protein), Yaba-like disease virus and swinepox virus (Afonso et al., 2002; Barrett et al., 2001; Lee et al., 2001) , based on amino acid sequence similarities with mammalian and vaccinia virus VCPs. Further research will be necessary to deduce the function(s) these proteins may fulfil in complement-mediated lysis.
Herpesviridae
Gammaherpesvirinae. For the lymphotropic herpesvirus saimiri (HVS), two open reading frames (ORFs) with sequence similarity to complement regulators have been identified: ORFs 4 and 15 (Albrecht et al., 1992a) . The product of ORF4 has been designated 'complement control protein homologue' (CCPH) and shows a high amino acid similarity to the RCA protein DAF (Albrecht & Fleckenstein, 1992) . A functional role for this CCPH has been confirmed by the demonstration that cells transfected with CCPH inhibited C3 convertase activity, effectively reduced cell surface deposition of the complement component C3b and had an increased resistance to lysis by human complement (Fodor et al., 1995) . The protein encoded by HVS ORF15, designated HVS-15, shares a high amino acid sequence similarity with the complement regulator CD59 (protectin) (Albrecht et al., 1992b) . Transfection studies with HVS-15 showed that complement regulatory activity occurred after C3b deposition on the cell surface, indicating terminal complement inhibition. Furthermore, it was demonstrated that HVS-15 is not very species restrictive, in contrast to its cellular counterpart protectin (Rother et al., 1994) , although homologous restriction of protectin (CD59) is controversial (Van den Berg & Morgan, 1994; Rushmere et al., 1997) .
Murine gammaherpesvirus 68 (MHV-68) is a virus related to the primate gammaherpesviruses. It was observed that an ORF conserved among these viruses encodes a protein containing four SCRs, similar to the ones found in mammalian RCAs (Virgin et al., 1997) . Kapadia et al. (1999) showed that this MHV-68 ORF is a late gene, that the encoded protein is expressed in membrane-bound and soluble isoforms and that the protein downregulates both classical and alternative pathways of murine complement activation.
(b) Virus complement-interfering proteins without genetic similarities to cellular complement regulators
Alphaherpesvirinae. HSV-1 and -2, together with VZV, PRV, bovine herpesvirus-1 (BHV-1) and equine herpesvirus-1 and -4 (EHV-1 and -4), are well-studied members of the Alphaherpesvirinae subfamily. They all encode the conserved viral glycoprotein gC, a non-essential glycoprotein known to play a role in virus attachment, release and virulence (Schreurs et al., 1988; Mettenleiter et al., 1990; Herold et al., 1991) . Besides that, gC of the different members (with the exception of VZV) (Smiley et al., 1985) has also been reported to bind C3b, the pivotal component of the alternative complement cascade (Friedman et al., 1984; Huemer et al., 1993) .
Glycoprotein gC of HSV-1 and -2 (designated gC1 and gC2, respectively) are both able to bind human C3b. However, on infected cells, only gC1 can act as a receptor for C3b, implying potentially important differences between the glycoproteins of these two HSV types (Friedman et al., 1984; Hung et al., 1992) . A lower affinity of gC2 towards C3b cannot account for the lack of C3b receptor activity in HSV-2-infected cells, since, on the contrary, it was demonstrated recently that gC2 has a 10-fold higher affinity towards C3b compared to gC1 (Rux et al., 2002) .
A relatedness of gC1 and gC2 with the cellular RCA complement receptor 1 (CR1) has been reported but now seems controversial. Structural relatedness with CR1 was suggested by the observation that a monoclonal antibody that blocked binding of CR1 to C3b could also block binding of gC1 to C3b, as well as by regions with amino acid similarities found in gC1, gC2 and CR1 (Kubota et al., 1987; Seidel-Dugan et al., 1990) . However, Hung et al. (1992) reported that gC1 with mutations in three of the four cysteines in the supposed SCR motif of region III showed wild-type C3b-binding capacity, indicating that region III is probably not an SCRlike motif. Therefore, these authors did not support the concept of a structural relationship between the SCR of CR1 and gC1. Furthermore, a functional relationship between gC1 and CR1 was found to be only partial. Both CR1 and gC1 accelerate the decay of the alternative pathway C3 convertase but, unlike CR1, gC1 does not accelerate the decay of the classical pathway C3 convertase nor does it possess co-factor activity for RCA factor I (Fries et al., 1986) .
By expressing gC1 and gC2 in a baculovirus expression system, Kostavasili et al. (1997) found that gC1, but not gC2, not only binds C3b but also inhibited binding of two complement components (properdin and C5) to C3b. Properdin (also designated P) is an important factor of alternative complement activation by increasing the half-life of the alternative C3 convertase from 5 up to 30 min, whereas C5 is an important component of terminal complement activation by being a part of the MAC (Fig. 1) . For both proteins, binding to C3b is essential for their function. The transmembrane segment of gC1 was found to be required for the inhibition of properdin binding, but not C5 binding, to C3b (Kostavasili et al., 1997) . The gC1-mediated inhibition of C5 binding to C3b is likely to be the result of sterically hindered access for the C5-binding site to C3b upon binding of gC1 to C3b, rather than a competition of gC1 for the same binding site on C3b as C5. Thus, gC1 has two structural domains that are involved in modulating complement activation: one binds C3b and is located in the central region of the molecule from residues 124 to 366 and the other which is required for blocking properdin binding to C3b and is located near the NH 2 terminus from residues 33 to 133 (Hung et al., 1994) . The C3b-binding capacity of gC1 has been demonstrated to mediate complement evasion of the virus in vivo (Lubinski et al., , 1999 (Lubinski et al., , 2002 . Further in vivo research by this group using deletion mutants lacking one or both domains of gC1 involved in modulating complement activation indicated that the C3b-binding domain of gC1 was much more important during complement evasion than the domain responsible for blocking properdin binding to C3b (Lubinski et al., 1999) . Interestingly, it was shown recently that an HSV mutant carrying mutations in the C3b-binding domain of gC as well as in the IgG-binding domain of gE (see above) was much more sensitive to antibody and complement attack than the single mutated strains, suggesting synergistic effects by acting at multiple steps in the complement cascade (Lubinski et al., 2002) .
The role of gC in complement evasion for other viruses of the subfamily Alphaherpesvirinae has not been studied as extensively as for HSV. PRV, BHV-1, EHV-1 and EHV-4 gC orthologues are known to bind C3b of the complement cascade (with highest affinity to C3 of the natural host), presumably resulting in inhibition of further downstream events (Huemer et al., 1992 (Huemer et al., , 1993 (Huemer et al., , 1995 .
Gammaherpesvirinae. Epstein-Barr virus (EBV), a wellstudied member of the subfamily Gammaherpesvirinae, has also been reported to interfere with complement activation. It was observed that when serum was incubated with purified EBV, C3 present in the serum was cleaved to inactive C3c (Mold et al., 1988) . Since CR1, an RCA with factor I co-factor activity and necessary for such cleavage of C3, is not normally present in serum, EBV was thought to be responsible for this cleavage activity and was therefore tested for possible factor I co-factor activity. It was indeed demonstrated that purified EBV virions, like CR1, accelerate the decay of the alternative pathway C3 convertase and serve as a co-factor for the complement regulatory protein factor I (Mold et al., 1988) . However, the EBV protein cannot accelerate the decay of the classical pathway C3 convertase like CR1 does (Mold et al., 1988) . The EBV envelope protein responsible for this complement regulatory function has not yet been identified and searching the sequences of the known envelope proteins has not revealed any SCRs.
Virion incorporation or upregulation of cellular complement control factors
Some viruses can borrow the host cellular complement control factors by incorporating them into their viral envelope or can induce an upregulation of these factors on the membranes of the cells they infect. Exactly how complement control proteins are incorporated in the viral envelope remains unclear. Recent studies have led to strong indications that budding of a variety of enveloped viruses, such as HIV, Ebola virus, influenza virus and measles virus, does not happen randomly at the plasma membrane but at specific microdomains enriched in cholesterol and sphingolipids, called lipid rafts (Scheiffele et al., 1999; Vincent et al., 2000; Ono & Freed, 2001; Bavari et al., 2002) . Glycosyl phosphatidyl inositol (GPI)-anchored complement control proteins such as CD55 and CD59 have been shown to associate with such lipid rafts (Hannan & Edidin, 1996) . Although further research is necessary to explore this hypothesis, evidence obtained recently that lipid raft disruption decreases the amount of CD59 on the HIV envelope (Nguyen & Hildreth, 2000) makes it tempting to speculate that one of the mechanisms of incorporation of complement control (and other cellular) proteins in virion envelopes perhaps comprises the preferential budding of viruses at lipid rafts.
Poxviridae
Vaccinia virus produces two morphologically and antigenically distinct infectious forms of virions, designated 'intracellular mature virus' and 'extracellular enveloped virus' (Appleyard et al., 1971) . Structurally, the extracellular enveloped virus consists of an intracellular mature virus with an additional outer membrane containing proteins that are absent from the intracellular mature virus (Tooze et al., 1993; Schmelz et al., 1994) . At least ten proteins are associated with this outer envelope and six of them are known to be encoded by vaccinia virus genes. One of them is B5R, which has been discussed already in the previous section. In a study by Vanderplasschen et al. (1998) , the resistance of extracellular enveloped virus and intracellular mature virus to complement neutralization in the absence of immune antibodies (alternative complement pathway) was investigated. It was demonstrated that the extracellular enveloped virus but not the intracellular mature virus is resistant to complement activation. This was not a result of one of the vaccinia virus-encoded proteins present on the membrane of extracellular enveloped virus, including B5R, but was shown to be caused by incorporation of the host complement regulators CD46, CD55 and CD59 into the envelope of the extracellular enveloped virus. This incorporation of complement regulators could be very advantageous for vaccinia virus, because the virus has a wide host range and by this mechanism, progeny virus will always carry complement regulators adapted to the complement of its host.
Herpesviridae
Alphaherpesvirinae. In a recent study, Maeda et al. (2002) demonstrated that PRV grown in a porcine cell line was protected against the actions of porcine complement, whereas the same PRV strain grown in a rabbit cell line was extremely sensitive to lysis by porcine complement. This resistance of the porcine cell line-derived PRV was thought to occur via incorporation of complement regulators in the viral envelope from the host cell. However, the complement control proteins responsible for this protection have not been identified so far.
Betaherpesvirinae. HCMV-infected cells are known to be susceptible to lysis by complement only for a short period following acute infection, suggesting that, at later stages of infection, infected cells must be protected from complementmediated destruction (Betts & Schmidt, 1981; Middeldorp et al., 1986) . Since an infection with HCMV results in an upregulation of different cellular host genes, the hypothesis was put forward that HCMV enhances the expression of host-encoded complement inhibitors. Spiller et al. (1996) investigated this hypothesis by measuring cell surface expression of complement regulators on HCMV-infected cells by means of flow cytometry. They found that the expression of two RCAs, CD55 and CD46, was increased up to 8-fold following infection with HCMV. This increase was not observed upon infection with adenovirus or HSV, indicating that upregulation was not a generalized response to virus infection. Functional studies demonstrated that the upregulation of CD55 suppressed the activity of the alternative pathway C3 convertases and increased resistance to complement-mediated lysis. The mechanism responsible for this upregulation remains to be determined but it has been hypothesized that an early HCMV gene product induces the transcription of genes of the RCA gene cluster (Spiller et al., 1996) .
Retroviridae
The best-studied member of the family Retroviridae is indisputably HIV. HIV is able to exploit complement molecules for its own benefit since opsonization of HIV has been shown to allow the virus to enter cells via complement receptors (reviewed by Stoiber et al., 2001) . Besides this complement-mediated enhancement of infection, HIV has developed a mechanism to resist complement-mediated destruction by incorporating the complement regulators CD55, CD59 and CD46 in its membrane during virus release; this has been shown to increase the complement resistance of HIV (Saifuddin et al., , 1997 .
HTLV-I has been demonstrated also to incorporate complement control proteins CD55 and CD59 from the host cell into its envelope . Studies with phosphatidylinositol-specific lipases, which remove the glycosyl phosphatidylinositol-anchored CD55 and CD59, showed that absence of these regulatory proteins increased the susceptibility of HTLV-1 towards complementmediated lysis .
Togaviridae
This family of enveloped, positive-stranded RNA viruses consists of different genera. One of them is the genus Alphavirus and members of this genus infect neurons in the brain and spinal cord, causing acute encephalomyelitis in a variety of mammals. An important member is Sindbis virus, which infects mice and is commonly used as a model for alphavirus-induced encephalomyelitis.
As mentioned already, C3b deposition occurs spontaneously and indiscriminately on the cell surface of host cells, thereby promoting alternative complement activation unless C3b activity on the cell surface is neutralized during this initial random attack. Sialic acids seem to be crucial surface components in protecting autologous cells from activation of the alternative complement pathway by making cell-bound C3b accessible to inhibition by RCA factor H (Meri & Pangburn, 1990) . It has been suggested that Sindbis virus takes advantage of the sialic acids present on the host cells, since it was found that the complement resistance of Sindbis virions was correlated with the amounts of sialic acid that are expressed on the cells in which the virus was grown. A large number of sialic acid residues present on the viral envelope, adopted during budding from the plasma membrane, may render bound C3b on the envelope accessible to inhibition by the soluble RCA factor H (Hirsch et al., 1981 (Hirsch et al., , 1983 .
CONCLUSION
Over the past millennia, evolution has forced several viruses to develop intriguingly ingenious and diverse mechanisms to avoid or delay destruction by the immune response. The complement system, although indisputably of significant importance during the adaptive immune response, evolved originally as part of the elder innate immune system and, as discussed already, may aid in clearing a virus infection in various ways. These characteristics of the complement system, together with its sophisticated and carefully regulated multi-step activation and suppression, may have fashioned the diversity of virus-encoded proteins that mediate interference with efficient complement activation.
Several viruses have, throughout their evolution, captured cellular genes that are beneficial for their replication or spread. Therefore, it may not be too surprising that, based on their sequence similarity, a lot of the viral genes encoding proteins that interfere with complement activation most likely originate from cellular genes encoding cellular complement regulators. Besides virus capture of cellular genes, it has been shown for several enveloped viruses that capture of proteins, in other words, the incorporation of cellular complement regulators in their envelope during budding, also provides an efficient means of complement evasion. The exact mechanism of specific acquisition of cellular membrane-associated complement regulators remains rather poorly understood but, at least for some of these processes, may depend on membrane rafts. These cholesterol-and sphingolipid-enriched microdomains in the plasma membrane have been demonstrated to be rich in GPI-anchored complement regulators as well as to function as preferential budding platforms for several enveloped viruses.
Interference with complement-mediated destruction, together with other immune evasion strategies, has helped viruses to extend their lifespan in humans and animals, gaining them more time to spread to uninfected hosts. In addition, for viruses such as cowpox virus, it has been shown that virus interference with the complement cascade may in fact be beneficial for both the virus and the host, limiting tissue damage caused by an otherwise overexaggerated complement activation upon infection. Furthermore, several viruses interact with the complement system to mediate virus entry. Some proteins involved in complement regulation have been shown to be viral receptors (e.g. CD46 for measles virus, CD55 for certain picornaviruses and complement receptor 2 for EBV), whereas C3b-mediated opsonization of HIV has been shown to facilitate attachment and entry (Fingeroth et al., 1984; Naniche et al., 1993; Dorig et al., 1993; Bergelson et al., 1994; reviewed by Stoiber et al., 2001 ).
The several intriguing interactions between viruses and the complement cascade (and other immune responses) established over time not only provide insights in how evolution has shaped viruses to adapt to host defence mechanisms, and vice versa, but also aid in understanding the complex interplay between the different components of the immune system.
